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Summary
Background: The Caenorhabditis vulva is formed from
a row of Pn.p precursor cells, which adopt a spatial
cell-fate pattern—332123—centered on the go-
nadal anchor cell. This pattern is robustly specified by
an intercellular signaling network including EGF/Ras in-
duction from the anchor cell and Delta/Notch signaling
between the precursor cells. It is unknown how the roles
and quantitative contributions of these signaling path-
ways have evolved in closely related Caenorhabditis
species.
Results: Cryptic evolution in the network is uncovered
by quantification of cell-fate-pattern frequencies ob-
tained after displacement of the system out of its normal
range, either by anchor-cell ablations or through LIN-3/
EGF overexpression. Silent evolution in the Caenorhab-
ditis genus covers a large neutral space of cell-fate pat-
terns. Direct induction of the 1 fate as in C. elegans ap-
peared within the genus. C. briggsae displays a graded
induction of 1 and 2 fates, with 1 fate induction requir-
ing a longer time than in C. elegans, and a reduced lat-
eral inhibition of adjacent 1 fates. C. remanei displays
a strong lateral induction of 2 fates relative to vulval-
fate activation in the central cell. This evolution in cell-
fate pattern space can be experimentally reconstituted
by mild variations of Ras, Wnt, and Notch pathway activ-
ities in C. elegans and C. briggsae.
Conclusions: Quantitative evolution in the roles of
graded induction by LIN-3/EGF and Notch signaling is
demonstrated for the Caenorhabditis vulva signaling
network. This evolutionary system biology approach
provides a quantitative view of the variational properties
of this biological system.
Introduction
Outputs of many biological systems are robust to vari-
ous perturbations, including random fluctuations in the
system (for example, noises in protein concentration
or cell position) and variations in its environment [1–4].
This robustness raises two categories of related ques-
tions: (1) its mechanistic basis and (2) the evolutionary
dynamics of robust systems. In recent years, the mech-
anistic basis of robustness has been studied with a com-
bination of modeling and experimental approaches on
*Correspondence: felix@ijm.jussieu.frvarious systems [5–10]. The evolutionary context of ro-
bustness has been mostly studied theoretically [2, 4, 7,
11–14], and one likely consequence of robustness to
noise and environmental variations is insensitivity to
some genetic variation: The system may thus accumu-
late silent (cryptic) variation, whereas its output remains
invariant. A key experimental challenge is to uncover the
extent and nature of cryptic evolutionary change in
biological processes and ultimately its evolutionary
dynamics and significance. Key experiments investi-
gating cryptic intraspecific variation include studies in
Drosophila melanogaster of the effect of an introduced
mutation on the phenotypic variance (lack of robust-
ness) in different wild genetic backgrounds and of the
genetic architecture of this variation [15–17].
The present work utilizes experimental approaches
to unravel genus-level cryptic evolution in a well-charac-
terized and simple system, vulva cell-fate patterning in
Caenorhabditis. The extensive molecular knowledge
of vulval development mechanisms in C. elegans and
the availability of phylogenetic information on closely
related Caenorhabditis species allow cryptic evolution
to be studied within a phylogenetic framework in which
both quantitative system analysis and evolutionary
approaches are used.
The vulva is the egg-laying and copulatory organ of
the Caenorhabditis hermaphrodite (or female) and is
formed from a row of precursor cells, called Pn.p cells,
born along the ventral epidermis at the first larval stage
(L1). In C. elegans, a reproducible spatial pattern of cell
fates develops during the L3 stage within the set of six
competent cells, P(3–8).p: P6.p adopts an inner vulval
fate (1), P5.p and P7.p adopt an outer vulval fate (2),
and P3.p, P4.p, and P8.p normally adopt nonvulval fates
(3) yet can replace P(5–7).p and are thus part of the
vulval competence group (Figure 1A). Each Pn.p cell
undergoes an invariant cell-division pattern that is
characteristic of its fate (Figure 1B). Formation of this
‘‘332123’’ spatial pattern relies upon an inductive
signal (EGF-Ras-MAP kinase pathway) from the uterine
anchor cell, and this signal can act as a morphogen
and induce the 1 fate at high doses and the 2 fate at
low doses [18, 19]. EGF/Ras signaling in P6.p also acti-
vates a lateral Delta-Notch signaling pathway, which has
two consequences in neighboring cells: induction of the
2 fate and inhibition of Ras pathway activity [20–23].
This developmental system offers the advantage of
a small number of cells and a well-characterized molec-
ular network. Like many (but not all) developmental sys-
tems, its output—here, the cell-fate pattern—is robust
to noise and a range of environmental variations
(C. Braendle and M.-A.F., unpublished data). Its network
properties that confer robustness of the cell-fate pattern
include positive feedback loops, pathway redundancy,
and crosstalk between pathways [24, 25]. For example,
Ras and Notch pathways display cooperative reactions
and positive feedback loops [26–29] that may ensure
switch behaviors. A Wnt pathway acts redundantly with
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tribute to the system’s robustness [30, 31]. Moreover,
the 2 vulval fate can be specified either through LIN-3
action at intermediate doses [18] or through lateral sig-
naling [20–23]. Crosstalk between the Ras and Notch
pathways further contributes to robust specification of
the three cell fates. In P6.p, a high Ras activity triggers
LIN-12/Notch degradation and thus ensures that it
does not adopt a 2 fate [32]. In addition, Ras pathway
activity in P6.p triggers lateral signaling and thus inhibit
Ras pathway activity in P(5,7).p [19, 23, 33]; this interac-
tion helps to robustly specify 2 fates in P6.p neighbors
[34]. The molecular network thus displays features that
make its cell-fate output robust to a range of variations.
Figure 1. Cell-Fate Patterns of Vulval Precursor Cells
(A) In C. elegans, the spatial pattern of three cell fates adopted by
P(3-8).p is the result of induction by the anchor cell (AC) and lateral
signaling between vulval precursor cells. The anchor-cell signal in-
duces the 1 fate at high doses and may induce 2 fates at low levels.
Ras pathway activation in P6.p activates lateral signaling through
Notch, which induces the 2 fate and also inhibits the Ras pathway
in the receiving cells (P5.p and P7.p). The ‘‘332123’’ cell-fate
pattern is basically invariant within the Caenorhabditis genus, ex-
cept for P3.p competence. The black circle represents 1 fate.
Gray circles represent 2 fate. White circles represent 3 fate. The
dotted circle represents noncompetence.
(B) Vulval precursor cell lineages that are characteristic for each fate.
L, longitudinal division (anteroposterior) of the Pn.p granddaughter;
T, transverse (left-right) division; U, undivided granddaughter; S,
nonvulval fate, i.e., fusion to the hyp7 syncytium of Pn.p daughters.
The vulA-F granddaughter nomenclature is indicated below the
lineage.
(C) Cell-fate patterns that can be obtained by experimentally dis-
turbing the system out of its buffered range, either by ablating the
anchor cell during the induction process (top) or by increasing the
LIN-3/EGF dose produced by the anchor cell (bottom). Such cell-
fate patterns are intermediate in induction levels and are not neces-
sarily temporal intermediates.For example, neither a 2-fold decrease in lin-3 gene dos-
age [35] nor a 10-fold decrease in Ras pathway activity
as revealed by an egl-17 transcriptional reporter (in
eps-8 mutants [28]) has any phenotypic effect on the
fate pattern. The many ‘‘silent’’ regulators (such as
GAP-1, the Ras GTPase-activating protein [36]) that
have no phenotype in single mutants in standard labora-
tory conditions but display a synthetic phenotype in
double-mutant combinations also reveal robustness of
the system to variation in Ras pathway activity [27, 37,
38]. They also suggest that silent evolution is possible
in this robust system.
Evolutionary studies on the patterning of vulval cell
fate have been so far confined to other nematode
genera. The vulval-cell-fate pattern undergoes some
changes at long evolutionary distances [39, 40], and
the requirement for the anchor cell in vulval induction
varies extensively [40–42]. At relatively long evolutionary
distances, when comparing C. elegans to Pristionchus
pacificus, gains and losses of cell signaling events and
pathway recruitment are detected [43–46], whereas at
shorter evolutionary distances to C. elegans, the
requirement for the Ras pathway in vulval induction
appears conserved in Oscheius tipulae [47]. The present
study analyzes vulval patterning mechanisms at yet
a smaller evolutionary scale, within the Caenorhabditis
genus. Features of evolution (e.g., quantitative or tem-
poral changes in roles of signaling pathways) could be
revealed by analysis at this level. This genus comprises
a diversity of species, 11 of which are available in culture
[48, 49], and the availability of a phylogeny (Figure 2A) is
in addition a key tool for assessing the polarity of
changes in vulval development.
Cryptic quantitative divergence is here uncovered in
the vulva system among species of the Caenorhabditis
genus by analysis of cell-fate patterns obtained: (1) by
ablation of the anchor cell at successive time points,
thus uncovering a series of P(5–7).p fate patterns, from
‘‘333’’ to the final ‘‘212’’ pattern or (2) by overex-
pression of the EGF/LIN-3 signal at levels below those
resulting in all cells adopting a 1 fate (Figure 1C). Cell-
fate patterns in either experimental situation reveal
relative activities of the different signaling pathways.
The molecular architecture of the network is shown to
be conserved in C. briggsae: Cbr-LIN-3/EGF can acti-
vate 2 and 1 fates in a graded manner, and LIN-12/
Notch plays a role in lateral inhibition. Observed differ-
ences among species are reconstituted by experimental
variation of Ras, Wnt, and Notch pathway activities in
C. elegans and C. briggsae. Thus, through experimental
manipulation of the signaling pathways directing vulva
development in Caenorhabditis species, this study
reveals and characterizes quantitative evolution in
the relative roles of these pathways and suggests that
the well-characterized mechanism of C. elegans vulval-
fate specification arose within the Caenorhabditis
genus.
Results
Thesame Pn.pcell-fateand -division patterns (Figure 1B)
were found in all Caenorhabditis species, except for
changes in P3.p competence and division [50] and in
the 3 cell-division pattern in the species branching
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105Figure 2. Vulval Cell Fate Adopted by P6.p
after Anchor-Cell Ablation in Different
Caenorhabditis Species
(A) Caenorhabditis phylogeny. After [49, 73]
(K. Kiontke and D. Fitch, personal communi-
cation).
(B) Typical P(5–7).p fate patterns after an-
chor-cell ablations. Nomarski micrographs.
The asterisks indicate the undivided Pn.p
granddaughters (‘‘U,’’ vulD) of the 2 lineage.
The nonvulval fate (3) of P6.p in C. remanei is
clearly visible by the lack of invagination. A
lateral view is shown. The dorsal side is to
the top.
(C) Ternary plot showing the proportion of 1,
2, and 3 fates adopted by P6.p for different
wild genotypes of different Caenorhabditis
species and taking into account all animals
ablated before P(5–7).p division, in which at
least one of P(5–7).p adopted a full vulval
fate. For example, the N2 position corre-
sponds to P6.p adopting the 1 fate in 59%
of the animals, the 2 fate in 38%, and the
3 fate in 3%. Species are color coded as in
(A). The data for RGD1 and N2 were sepa-
rated between times before (‘‘early’’) and
after (‘‘late’’) 3 cell division (squares): RGD1
shows a strong temporal component (arrow,
c2, p < 1025), whereas N2 does not. See
Tables S1–S17 for detailed cell lineages and
ablation timing.most basally, C. sp. 1 SB341 (unpublished data). The
wild-type fate pattern of P(4–8).p is thus ‘‘32123’’
in all species. Cryptic variations in fate-specification
mechanisms were revealed by displacement of the
system out of its normal range of anchor-cell-inducing
activity, with (1) anchor-cell ablation and (2) LIN-3
overexpression.
Cell-Fate Patterns upon Anchor-Cell Ablation
in Different Caenorhabditis Species
The first experimental paradigm for revealing cryptic
change was to eliminate the anchor cell (the source of in-
ductive LIN-3/EGF signaling [51]) by laser ablation in L3-
stage larvae and to follow vulval cell fates thereafter. In
all species, early anchor-cell ablation resulted in all vul-
val precursor cells adopting a 3 fate (except C. sp. 1
SB341, where inductive signaling originated from sev-
eral uterine precursors; unpublished data). Between
the all-3 pattern and the ‘‘32123’’ wild-type pattern,
several ‘‘intermediate’’ patterns are possible (Figure 1C,
top), and each pattern was seen in at least one anchor-
cell-ablated individual of one species. In each species,
several intermediate fate patterns were seen in different
proportions: Fate-pattern variation is quantitative. Note
that these patterns may not represent temporal interme-
diates (see Discussion). Detailed lineages are found in
Tables S1–S17 (in the Supplemental Data available
with this article online), which keep record of ablation
time, with landmark divisions of the uterine and vulval
precursors as chronological markers.
Because the different fate patterns (Figure 1C) are
mostly characterized by P6.p fate, a quantitativesummary is shown as a ternary plot (Figure 2C) of the
proportion of fates adopted by P6.p in ablations per-
formed before P6.p division, with the removal of ‘‘trivial’’
all-3 patterns. This quantitative analysis of P6.p inter-
mediate fate patterns is robust to changes in relative
timing of developmental events and reveals silent varia-
tion. In a few examples, two groups of ablation time
points were further distinguished: before (‘‘early’’) ver-
sus after (‘‘late’’) 3 cell divisions (squares in ternary
plots).
These experiments revealed ample cryptic change in
vulval patterning: The neutral space of cell-fate patterns
thus defined is fully covered by variation within the Cae-
norhabditis genus (Figure 2C). When comparing P6.p
fate upon anchor-cell ablations in reference strains of
the three most-studied species, C. elegans N2, C. brigg-
saeAF16 andC. remaneiPB4641, the first showed a pre-
dominance of 1 fates (59%, n = 33), the second, of 2
fates (72%, n = 37), and the third, of 3 fates (73%, n =
37). Highly significant differences were thus found (N2
versus PB4641, c2 test on the proportion of each fate,
p < 1027; N2 versus AF16, p = 0.016). Strains showing
a high proportion of 1, 2, and 3 fates are reviewed
successively.
In C. japonica DF5079 (highest proportion of 1 fate:
88%, n = 29), C. sp. 4 PB2801 and CB5161, and predom-
inantly in C. elegans N2, the ‘‘transition’’ from an all-3
pattern to the wild-type pattern appeared direct (Fig-
ure 2; Tables S9–S12): Only few other patterns were ob-
served. This suggested that P6.p, as soon as it is in-
duced to a 1 fate, activates the 2 fate in P(5,7).p
through lateral signaling.
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philae DF5077, C. sp. 5 JU727, and C. briggsae AF16,
HK104, and JU725, P6.p most often adopted a ‘‘TUUT’’
cell-lineage pattern in intermediate ablations (Figure 2
and Table 1; see also Tables S1–S4, S15, and S16).
This ‘‘TUUT’’ lineage could correspond to an abnormal
primary lineage or to a mirror-image pattern of two
daughters with internal 2 fates (vul’CDDC’; see Pn.p
granddaughter nomenclature in Figure 1B). This lineage
was thus further analyzed with Pn.p granddaughter fate
markers in C. briggsae. The fate markers Cbr-egl-
17::GFP (expressed in vulC/D in the late L4 stage) and
Cbr-zmp-1::GFP (in vulA and vulE at the L4-to-adult
molt) [52, 53] were integrated into the C. briggsae
AF16 genome. After anchor-cell ablations, P6.p progeny
expressed Cbr-egl-17::GFP and not Cbr-zmp-1::GFP
(Table 1). The same experiment was performed in C. el-
egans: egl-17 expression was seen in P6.p in only 4/17
animals (ablation time between VU and P6.p divisions),
and zmp-1 expression was variable as expected from
the late anchor-cell effect on the primary lineage [54].
Thus, the major fate adopted by P6.p upon ablation in
C. briggsae was an inner 2 fate. For simplicity, we refer
to this P(5–7).p fate pattern as ‘‘222.’’
In Caenorhabditis species branching basally, i.e.,
C. sp. 1 SB341 (uterine ablation; unpublished data) and
C. plicata (Table S17), intermediate ‘‘222’’ patterns
were also observed. Whether P6.p adopted a mirror-
image inner 2 fate or a full 2 lineage depended on the
species and experimental conditions (anchor-cell ver-
sus whole uterus ablation): P6.p usually adopted a full
2 fate in C. sp. 1 (uterus ablation), mirror-image outer
2 fates in C. plicata, and mirror-image inner 2 fates in
C. drosophilae and C. sp. 2, as in C. briggsae and
C. sp. 5 (see Supplemental Data). A graded effect of the
anchor-cell signal (LIN-3 or Wnt family member [55]) may
further bias toward inner versus outer 2 lineages.
Table 1. P6.p Adopts a 2 Fate upon Anchor-Cell Ablation
in C. briggsae AF16
Cell-Fate
Marker Ablation
Descendants of
Number of
AnimalsP5.p P6.p P7.p
C. briggsae mfIs5[Cb-egl-17::GFP] in AF16 Background
Intact LLTU TTTT UTLL Many
AC TUUT 6/8
AC TUTT 1/8
AC TTTT 1/8
VU TTTT 4/4
C. briggsae mfIs8[Cb-zmp-1::GFP] in AF16 Background
Intact LLTU TTTT, 4 GFP+ UTLL Many
AC 0 GFP+ 9/9
VU 4 GFP+ 12/13
VU 2 GFP+ 1/13
Upon anchor-cell ablation, P6.p mostly adopts a ‘‘TUUT’’ lineage in
C. briggsae AF16. The use of granddaughter fate markers shows
that this ‘‘TUUT’’ lineage corresponds to internal 2 lineages. See
Figure 1B for Pn.p lineages. L, longitudinal division (anteroposterior)
of Pn.p granddaughter; T, transverse (left-right) division; U, undi-
vided. Cells that adhered to the cuticle are underlined. AC, anchor
cell; VU, ventral uterine precursor (control). The red color indicates
GFP expression in the late L4 stage. ‘‘n GFP+’’ indicates the number
of GFP-expressing cells (0–4).Finally, in C. remanei PB4641 (73% of 3 fates, n = 37),
PB228, and JU724, anchor-cell ablations predominantly
resulted in the somewhat surprising and so far unde-
scribed ‘‘232’’ pattern, where P6.p did not adopt a vul-
val fate, whereas P5.p and P7.p did (Figures 2B and 2C;
Tables S6–S8). Control ablation of a nearby uterine cell
had no effect on vulval lineage (5/5 animals), and such
finding rules out that unspecific damage by the laser
prevented P6.p from adopting a vulval fate. A plausible
hypothesis for this ‘‘232’’ pattern was that the an-
chor-cell signal could activate the inductive pathway in
P6.p at a level sufficient for upregulating lateral signal
transcription (Figure 1A) yet insufficient for adoption of
vulval fates by P6.p. Indeed, when P6.p was ablated
with the anchor cell inC. remanei, P(5,7).p adopted a vul-
val fate in only 36% of the cases (n = 54), whereas if P6.p
was left intact, they adopted a 2 vulval fate in 96% of the
cases (n = 52; ablation between VU and P6.p divisions;
Table S6). These results strongly suggested that the
‘‘232’’ pattern was the result of P(5,7).p receiving
a signal from a partially induced P6.p cell, even though
the latter adopted a 3 fate.
When changes are considered onto the Caenorhabdi-
tis phylogeny (Figure 2A), early 1 fate specification
seems to have appeared (maybe gradually) among the
C. drosophilae, C. sp. 3, and C. japonica branches.
The ancestral ‘‘222’’ pattern was previously observed
in many other nematode genera (two-step induction). C.
sp. 3 RGD1 showed a somewhat intermediate state, with
a strong temporal component in the data: P6.p first
adopted a 2 then a 1 fate even in ablations performed
before its division (C. elegans N2 did not display such
a temporal component despite being located at a similar
position in ternary plot space; Figure 2C). The ‘‘232’’
pattern, which is a signature of lateral induction and is
visible by a deviation from the 1/2 edge of the plot, ap-
peared around the same time (it was never observed
outside the genus). Dramatic evolution occurred in the
Elegans group (the top five species in Figure 2A; they
are quite similar morphologically) and spread over the
whole ternary plot space. The position of C. briggsae
in the 2 corner is a reversal to the ancestral situation.
Cell-Fate Patterns upon LIN-3/EGF Overexpression
The second experimental paradigm consisted of the
scoring of deviant cell-fate patterns obtained after
(mild) overexpression of the LIN-3 signal from the an-
chor cell (Figure 1C, bottom). This experiment evaluates
the relative activities of 1 fate induction by the EGF/Ras
pathway versus lateral inhibition by the Notch pathway
(the latter preventing adjacent 1 fates induced by the
former). InC. elegans, lateral inhibition is not easily over-
come: P(5,7).p still adopt 2 fates upon mild overexpres-
sion of Cel-lin-3 from the anchor cell, at a level that re-
sults in P4.p or P8.p sometimes adopting a vulval fate;
higher levels of Cel-lin-3 overexpression caused
P(5,7).p to adopt 1 fates that were adjacent to that of
P6.p ([18]; J. Milloz and M.-A.F., unpublished data).
In contrast, in C. briggsae, the first deviant P(4–8).p
fate pattern after mild overexpression of Cbr-lin-3 from
its anchor-cell promoter was ‘‘21123’’; at a higher
overexpression level, the predominant fate pattern was
‘‘21112’’ (i.e., the same fate transformations oc-
curred on the posterior side; Table 2). The fate pattern
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107Table 2. Vulval Cell Lineages in C. briggsae upon Cbr-lin-3 Overexpression from its Own Anchor-Cell Promoter
P3.p P4.p P5.p P6.p P7.p P8.p n
C. briggsae AF16
S S S LLTU TTTT UTLL S S 67/82*
S S S S LLTU TTTT UTLL S S 15/82
C. briggsae mfIs12[Cbr-lin-3] in AF16 Background (Mean Induction Index: 3.15 [n = 27])
S S S LLTU TTTT UTLL S S 11/27
S S S S LLTU TTTT UTLL S S 9/27
S S S S LLTT TTTT UTLL S S 1/27
S S S S LLTU TTTT TTLL S S 1/27
S S S S LLTU TTTT TTTL S S 1/27
S S LLTU TUTT TTTT UTLL S S 1/27
S S LLTU TTTT TTUT UTLL S S 1/27
S LLTU TTTT TTTT UTLL S S 1/27
S S LLTU TTTT TTTT UTLL S S 1/27
C. briggsae mfIs11[Cbr-lin-3]; mfIs5[Cbr-egl-17::GFP] in AF16 Background (Mean Induction Index: 4.4 [n = 9])
S S S LLTU TTTT UOLL S DL 1/91
S S S LLTU TTTT UTLL LLLL 1/9
S ssOD DDTT TTTT UTLL sssL 1/9
n.d. LLTU TTLL TTTT UTLL S S 1/9
S S LLTU TTTT TTTO UTLL S LL 1/92
S S LLTU TTTD DLOT UTTL UTLL 1/9
S S LLTU TTTT TTTT TTLO TTLL 1/9
S S LLTU TTDD TTTT TTTT ULLL 1/9
S S LLTU TTTT TTTT TTLT UOLL 1/9
C. elegans mfIs10[Cbr-lin-3] in N2 Background
S OTTO LTTT TTTO TTLL TTOL 1/7
LLLL LOOO OLTT TTOL LLLO TTTL 1/7
LTOL LLLL OTTT TTTT TTLL LTTT 1/7
LOOO OTTT LLTT TTTT TLLL TOLL 1/7
LOLL OLTL OTTT TTTT TLLL LTTL 1/7
LLOT LLLU TTTT TLLL TOLL LTTL 1/7
LTTL LLLL TTLO LTTT TLOL LLLL 1/7
S/s indicates a 3 nonvulval fate (fusion to the hyp7 syncytium of Pn.p daughters or granddaughters, respectively). L, longitudinal division (ante-
roposterior); T, transverse (left-right) division; U, undivided; O, oblique division; D, division, orientation not observed. Cells that adhered to the
cuticle are underlined (characteristic of 2 fate). In C. briggsae mfIs11;mfIs5 strain, GFP fluorescence was scored in the late L4 stage and
corresponds to vulC/D fates (italics). The asterisk represents data from [50].
1 Expression of egl-17::GFP in three unidentified progeny of P5.p and two of P7.p.
2 Expression in one progeny of P7.p.was confirmed by the corresponding loss of Cbr-egl-
17::GFP L4-stage expression in the adjacent 1 cells.
Thus, unlike in C. elegans, lateral inhibition was easily
overcome inC. briggsae by an excess of anchor-cell sig-
nal and most easily on the anterior side. When the same
Cbr-lin-3 construct was overexpressed in C. elegans
(Table 2, bottom), the cell-lineage patterns were as ob-
served with Cel-lin-3, with P(5,7).p still adopting 2 fates
at high LIN-3 levels [18], suggesting that the difference
was not due to evolution at the lin-3 locus.
The anchor-cell ablation and LIN-3 overexpression
data pointed to a possible quantitative difference
among differentCaenorhabditis species in the Ras path-
way’s three downstream effects, namely 1 fate specifi-
cation, 2 fate specification, and lateral-signal (Deltas)
transcription. Specifically, the C. remanei behavior
could be explained by a higher threshold for 1/2 induc-
tion than for lateral signaling, and theC. briggsae behav-
ior could be explained by a higher threshold than in
C. elegans for 1 induction compared to 2 induction
and lateral signaling. These hypotheses were tested by
(1) the examination of the Ras and Notch pathways in
C. briggsae in order to see whether their roles are overall
conserved and by (2) mild experimental alteration ofRas and Notch pathway activities in C. elegans and
C. briggsae.
Roles of the EGF/Ras and Notch Pathways
in C. briggsae Vulval-Cell-Fate Patterning
2  and 1 Fates Are Induced in a Dose-Dependent
Manner by LIN-3/EGF
For determining whether LIN-3 was able to induce 2
and 1 fates at different doses in C. briggsae, the LIN-
3/EGF domain was expressed under a heat-shock pro-
moter in gonad-ablated animals, as had been performed
in C. elegans [18]. Gonad ablation ensured that the en-
dogenous LIN-3 signal was removed. Without heat-
shock, P(4–8).p adopted a 3 fate (Figure 3A). In low
heat-shock conditions, they started adopting a 2 fate
(Figure 3B), and at a higher dose, a 1 fate (Figure 3C).
Moreover, partial inactivation of the Cbr-lin-3 homolog
by RNAi resulted in (few) transformations of 1 to 2 fates
(Figure 4B); poor efficiency of RNAi in some tissues may
explain that such transformations were rare and that
transformation to 3 fates were not observed. Thus,
the LIN-3 signal can induce 1 and 2 fates in a quantita-
tive manner in C. briggsae.
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C. briggsae reveal another kind of cryptic variation in
the system, in the relative competence level of different
Pn.p cells (as defined by their ability to respond to LIN-
3): at a given LIN-3 dose, without spatial information
from the gonad, the different Pn.p cells adopted vulval
fates in different proportions (Figure 3). A high compe-
tence level of a given Pn.p cell is defined by a high pro-
portion of animals in which the cell adopts a vulval fate,
and a 1 fate rather than a 2 fate. InC. elegans, P8.p and
to a lesser extent P7.p were shown to be less competent
than the more anterior cells because of mab-5/Hox ex-
pression [18, 56]. In C. briggsae, P3.p exhibited a low
level of competence to adopt a vulval fate in the LIN-3
overexpression experiments and was also found to be
incompetent to replace ablated P(4–8).p [50]. Moreover,
unlike in C. elegans, P4.p appeared less competent than
P7.p (Figure 3; Tables S18–S21): After intermediate
heat-shock conditions (30–600 at 33C or 15–300 at
Figure 3. Graded Induction of 2 and 1 fates by LIN-3/EGF and
Lateral Inhibition in C. briggsae
The gonad primordium of mfIs37 C. briggsae larvae was ablated in
the early L1 stage (A–C) or left intact (D), and the larvae were heat-
shocked in the late L2 to the early L3 stage. Heat-shock conditions
are indicated above each panel. Vulval cell divisions were scored at
the late L3 to the early L4 stage. Each panel represents the propor-
tion of animals showing a given cell fate for each Pn.p cell. Fates are
color coded as in Figure 1. The dotted fate indicates no division and
fusion to hyp7 in the L2 stage (noncompetent cell; most frequent
fate for P3.p in C. briggsae). See Tables S18 and S19 for detailed
lineages.37C), they adopted a vulval fate in 26% and 51% of
gonad-ablated animals, respectively (n = 38; c2, p =
0.03). Note that despite a higher proportion of vulval
versus nonvulval fates, the proportion of 1 fates is lower
for P7.p compared to P4.p (see below). Competence is
thus a quantitative character, and there is an overall
lower level on the anterior side and a higher level on the
posterior side of the competence group in C. briggsae
compared to C. elegans.
For visualization of Ras pathway activation, the
C. elegans Ras pathway transcriptional reporter Cel-
egl-17::GFP [57] was introduced into C. briggsae. In
C. elegans, egl-17 reporters are expressed at a high level
in P6.p in the L3 stage; they can also be detected at a low
level in P(5,7).p early on and are then repressed by
LIN-12/Notch signaling [19]. In C. briggsae, the Cel-
egl-17::GFP reporter was detected in P6.p from the early
L3 stage on, and further activation was dependent on
anchor-cell signaling (Figure 4A). Cbr-LIN-3 overexpres-
sion resulted in egl-17::GFP L3-stage expression in
some adjacent Pn.p cells (data not shown). Thus, al-
though P(5–7).p all adopted a 2 fate upon anchor-cell
ablation, P6.p was already different from its neighbors
in the early-to-mid-L3 stage through its higher Ras path-
way activity. The absence of egl-17 reporter detection
in P(5,7).p was consistent with a lower Ras pathway
activation but could also be due to an overall lower
transgene expression in C. briggsae.
Lateral Inhibition of the 1 Fate by LIN-12/Notch
The fact that in C. briggsae, mild overexpression of LIN-
3 from the anchor cell resulted in adjacent 1 fates (Table
2) raises the question of whether lateral inhibition oper-
ated at all in this species. Alternation of 1 and 2 fates
could be detected in animals (either gonad-ablated or
intact) in which LIN-3/EGF was expressed from a heat-
inducible promoter: In many animals, P6.p and P8.p
adopted a 1 fate, whereas P7.p remained 2 (Figures
3C and 3D; Tables S18–19 for the phase information).
Thus, lateral inhibition, although weak, is present in
C. briggsae as in C. elegans. The difference in fate pat-
tern upon LIN-3 overexpression from the anchor cell
thus likely reflected a quantitative variation in the
strength of lateral inhibition versus direct LIN-3/EGF-
induced fate specification.
At the molecular level, the involvement of LIN-12/
Notch signaling also appeared conserved: Partial inacti-
vation of the Cbr-lin-12/Notch homologs by RNAi re-
sulted in adjacent 1 fates in C. briggsae, with a bias to-
ward P5.p (Table 3 and Figure 4C). The phenotype
resembled that of weak lin-12 hypomorphs in C. elegans
[58], with hardly any loss of 2 fates. The presence of two
anchor cells (instead of a single one) was also observed
in some animals. Adjacent 1 fates of Pn.p cells oc-
curred in animals with either one or two anchor cells.
Thus, in C. briggsae as in C. elegans, the LIN-12/Notch
pathway acts both in anchor-cell specification and in
lateral inhibition of Pn.p cells.
In addition to its role in lateral inhibition of the Ras
pathway, the Notch pathway has in C. elegans a role in
2 fate induction [21, 22]. As described above, the role
of lateral signaling in 2 fate induction could be detected
in C. remanei by coablation of the anchor cell and P6.p.
Similar experiments did not detect an obvious role in
C. briggsae (Table S1), nor in C. elegans (M. Wang and
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109Figure 4. Molecular Components of Ras and
Notch Pathways in C. briggsae
(A) The Ras pathway transcriptional reporter
egl-17::GFP is activated in P6.p and P6.p
daughters (fluorescence micrographs, left).
Anchor-cell ablation (from VU division until
P6.p division) reduces egl-17::GFP expres-
sion (significantly different from VU ablation,
p < 0.01 Mann-Whitney test). Bars indicate
SE.
(B) Partial inactivation of the Cbr-lin-3 homo-
log by RNAi results in aberrant vulval-cell-fate
patterns with transformation of 1 to 2 fates,
visible by the attachment to the cuticle char-
acteristic of the outer 2 lineage (left) or by an
additional vulD-like cell, characteristic of the
inner 2 lineage (asterisks, right). A, anterior;
P, posterior.
(C) Partial inactivation of the Cbr-lin-12/
Notch homologs by RNAi results in aberrant
vulval-cell-fate patterns with adjacent 1
fates and transformation of neighboring 3
cells to a 2 fate.P.W. Sternberg, personal communication), where lateral
induction does operate. Again, the difference among
species is likely to be quantitative.
For visualization of Notch pathway activation, the
Notch pathway transcriptional reporter Cel-lip-1::GFP
was introduced into C. briggsae. In C. elegans, it is acti-
vated downstream of LIN-12/Notch signaling and ex-
pressed at a higher level in P(5,7).p compared to P6.p
[33]. In contrast, in C. briggsae animals bearing the inte-
grated transgene mfIs29[Cel-lip-1::GFP], fluorescence
levels were in average similar among P(5–7).p (data not
shown; idem for independent Cel-lip-1::GFP trans-
genes). Evolution in transacting factors cannot be ruled
out, but this apparent homogeneity in lip-1 reporter ex-
pression is consistent with the weaker lateral inhibition
observed in C. briggsae.
Silent Changes in the Molecular Network Mimic
Evolutionary Variations in theCaenorhabditisGenus
The previous experiments suggested that the molecular
network of Ras and Notch signaling was overall con-
served in C. briggsae compared to C. elegans. For test-
ing whether quantitative changes in this network could
account for the observed differences between species,
the signaling-pathway activity levels were experimen-
tally manipulated and tested in the anchor-cell ablation
paradigm (Figure 5; Tables S22–S29). These experi-
ments made use of mutations or transgenic alterations
that were practically silent (at the level of the final cell-
fate pattern) and thus potentially mimicked the cryptic
genetic change among species.Ras pathway activity was decreased with the lin-
45(n2018)/Raf hypomorphic mutation [59, 60] in the
C. elegans N2 background. In the anchor-cell-ablation
experiment, this mutation significantly displaced P6.p
fate from the 1 fate region to the 2 fate region (c2
for the proportion of 1 versus 2 fates compared to
N2, p < 0.01) occupied by wild C. briggsae isolates
(Figure 5B). The Wnt pathway appears to act redun-
dantly with the Ras pathway in C. elegans [30, 31], and
a similar effect was observed when decreasing Wnt
pathway activity through the bar-1(ga80)/b-catenin null
mutation (p < 0.05). Conversely, hyperactivation of the
Ras pathway through Cbr-lin-3 overexpression in
C.briggsaemimicked theC. elegans/C. sp. 4/C. japonica
situation. C. elegans N2 could be further displaced to-
ward the 1 fate corner through mild Ras pathway hyper-
activation (ark-1 mutant, p < 1022 compared to N2) [37]
(Figure 5B). Thus, interspecific variation along the 1/2
edge could be explained by quantitative differences in
Ras (or Wnt) pathway signaling.
As mentioned above, the ‘‘232’’ pattern observed in
C. remanei could result from a lower threshold of Notch
signaling activation compared to P6.p fate specification
(Figure 5A). The level of Notch pathway activation was
thus experimentally altered with silent mutations in sel-
10, a negative regulator of the Notch pathway [61–63].
sel-10 mutations resulted in a shift of C. elegans toward
the 2 and 3 fate regions, and in addition, the data
showed a strong temporal component, with the ‘‘232’’
fate pattern being predominant in early ablations (Fig-
ure 5B). The C. remanei situation can thus be partially
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way in the C. elegans background.
Discussion
Cryptic evolution in patterning mechanisms of vulval
cell fate was uncovered by removal of the anchor cell
during the induction process and by overexpression of
the inductive signal from this cell. Evolution in the Cae-
norhabditis genus covers a large neutral space of pos-
sible cell-fate patterns obtained in these experimental
situations, without change in the actual final pattern,
which forms a robust and invariant trait. Molecular mea-
sures and manipulations of the intercellular signaling
system in species of the Elegans group showed that
the molecular network was overall conserved, yet
evolved quantitatively. I first review below the phyloge-
netic information provided by these (and previous)
experiments and then discuss cryptic quantitative evo-
lution (1) in the anchor-cell induction pathway and (2)
in the network that anchor-cell induction forms with
lateral signaling.
Evolution of Vulval-Cell-Fate PatterningMechanisms
in Caenorhabditis and Beyond
In most species outside the Caenorhabditis genus,
such as Oscheius tipulae CEW1 and Pristionchus
pacificus [40, 42, 64], anchor-cell ablations produce the
same effect as in the basally branching Caenorhabditis
Table 3. Vulval Cell Fates upon Cbr-lin-12 Inactivation by RNAi in
C. briggsae
P4.p P5.p P6.p P7.p P8.p n
Wild-Type 3 2ei 1 2ie 3
Cbr-lin-12 RNAi: Adult Parents
2ei 1 1 2ie 3 4/23
3/v 2e/1 1 1/2e 2i/3 1/23
2e/3 2/1 1 1/2e 3 1/23
2ei 2e/1 1 2ie 3 1/23
2e/3 2ei 1 2ie 3 1/23
3 2ei 1 2ie 2i/3 1/23
3 2ei 1 1/2e 3 1/23
3 2ei 1 2ie 3 13/23
Cbr-lin-12 RNAi: Embryos/L1
2ei 1 1 1/2e 2i/3 1/37
2ei 1 1 2ie 3 1/37
2ei 1 1 3 2ie 1/37
2e/3 2e/1 1 1 2ie 1/37
2ei 2e/1 1 2ie 3 1/37
3/v 2e/1 1 2ie 3 2/37
3 2e/1 1 2i/3 3/v 1/37
3 2ei 1 2ie 2ie 1/37
3 2ei 1 1/2e 2i/3 1/37
3 2e/1 1 1/2e 3 1/37
3 2e/1 1 2ie 3 2/37
3 2ei 1 2ie 3 24/37
The stage at which the animals or their parents were placed onto
RNAi plates is indicated in the subheadings. Pn.p fates are indicated
by the corresponding number (1/2/3). 2 fates are further separated
into the external ‘‘2e’’ fate of the Pn.p daughter (scored with the at-
tachment to the cuticle of ‘‘LL’’ sublineage) and the internal ‘‘2i’’ fate
(scored as a ‘‘TU’’ sublineage with one undivided daughter). ‘‘v’’ rep-
resents undetermined vulval fate.species: P(5–7).p adopt an intermediate ‘‘222’’ fate
pattern. The same holds true for Prodontorhabditis
wirthiDF5074 (unpublished data), a member of the sister
group of the Caenorhabditis genus (K. Kiontke and
D. Fitch, personal communication) [65]. The adoption
of a 2 fate by P6.p after anchor-cell ablation is thus
very likely to be the ancestral situation in theCaenorhab-
ditis genus, and direct 1 fate induction and concomitant
induction of P(5,7).p through lateral signaling as seen in
C. japonica, C. elegans and C. sp. 4 is derived. Further
Figure 5. Experimental Variations in Activation Levels of the Ras and
Notch Pathway Mimic the System’s Evolution
(A) Hypothesis of quantitative variation in the vulval signaling net-
work. The basic wiring of the EGF/Ras and Delta/Notch network is
depicted (P5.p is not shown because it would be similar to P7.p).
The behavior of different Caenorhabditis species may be explained
by evolution in relative strengths of network components, schema-
tized as arrows of different thicknesses. The colors refer to the dif-
ferent species. In C. elegans (blue), Ras signaling has several down-
stream effects: induction of the 2 fate by low levels of Ras signaling,
of the 1 fate at higher levels, and of Delta transcription. Notch acti-
vation in the neighboring cells has two downstream effects: 2 fate
induction and Ras pathway inhibition. The ‘‘222’’ fate pattern of
C. briggsae (red) upon anchor-cell ablation may be explained
by a higher threshold for 1 fate activation; the adjacent 1 fates ob-
served after Cbr-LIN-3 overexpression may correspond to less ac-
tive lateral inhibition. Finally, the ‘‘232’’ fate pattern of C. remanei
(orange) may be explained by a lower relative threshold for Delta
transcription compared to P6.p fate specification.
(B) Ternary plot of P6.p fate after anchor-cell ablations, as in Figure 2.
Wild-type genotypes are underlined. ThemfIs12 transgene results in
almost silent Cbr-LIN-3 overexpression (Table 2). lin-45(n1018) is
a mild Raf hypomorph, and bar-1(ga80) is a null mutation in a b-cat-
enin gene; both mutations result in a mild hypoinduction (mean in-
duction index in the 2.5–3 range). sel-10 mutations result in hyperac-
tivation of the Notch pathway. See Tables S20–S29 for detailed
lineages.
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briggsae apparently ‘‘reverting’’ to the ancestral pattern
and C. remanei displaying the peculiar ‘‘232’’ fate
pattern. Features of vulva development in the model
organism, C. elegans N2, are thus representative of
very few nematode species.
Intraspecific variation can also be detected, at least in
C. japonica (c2, p < 1024) and C. sp. 5 (p = 0.014)—note
that such male/female species may harbor much larger
genetic variation than the predominantly self-fertilizing
C. elegans andC. briggsae [66]. More systematic studies
among C. elegans wild isolates, in which mutant intro-
gressions and pathway reporters are used, are underway
(J. Milloz, I. Nuez, and M.-A.F., unpublished data).
Whether lateral signaling exists outside the Caeno-
rhabditis genus or even in basally branching Caeno-
rhabditis species is unclear. Interestingly, the ‘‘232’’
pattern, a distinctive feature of lateral signaling, was
only found within the Caenorhabditis genus. Mutant
screens outside the genus did not detect lateral signal-
ing either [47]. A two-step mechanism may not require
lateral signaling to robustly obtain the fate pattern,
and lateral signaling may have appeared within the
Caenorhabditis genus.
The variety of cell-fate patterns obtained in experi-
mental situations could in principle represent an evolu-
tionary potential for innovation. However, the major
changes in patterning of vulval cell fate observed so
far at a long evolutionary range concern the number of
induced cells (two to four) and the centering of the line-
age (between two Pn.p cells rather than between the
P6.p daughters) [39, 40]. The 1 lineage is split between
the central daughters of P6.p and P7.p in the nematode
suborder Cephalobina, and this is presumed to be pos-
sible because of the late induction of 1 fates after Pn.p
division and the putative absence of lateral inhibition
[40]. On the other hand, the centering of the vulval pat-
tern on P6.p in the suborder Rhabditina (to which Cae-
norhabditis and Oscheius belong) is a prerequisite for
the evolution of lateral inhibition as in C. elegans. Inno-
vation is here to be found in the developmental mecha-
nism rather than in the final cell-fate pattern.
Cryptic Quantitative Evolution in the Induction
by the Anchor Cell
The mechanism at work in Oscheius tipulae and other
distant species was previously called ‘‘two-step induc-
tion’’ because the anchor-cell ablations suggested that
P(5–7).p first received a signal specifying 2 versus 3
fates and that the daughters of P6.p were then induced
to a 1 vulval fate [42]. The present results show that at
least in C. briggsae, the late requirement for the anchor
cell after P6.p division is mechanistically the result of
a quantitative decrease in inductive signaling activity
and provide additional insights into the quantitative
state of the system in C. elegans N2.
Indeed, LIN-3 is able to act in a graded quantitative
fashion to specify 2 and 1 fates in both C. elegans
and C. briggsae. In C. elegans N2, P6.p may adopt
a full or partial 2 fate after anchor-cell ablation (Table
S11), and in addition to increasing the frequency of 2
fates for P6.p, the lin-45(n2018) mutation delays the in-
duction (Table S22). The same holds true when Wnt sig-
naling is reduced (bar-1(ga80) mutant; Table S23), andsuch finding confirms that Ras and Wnt pathways both
contribute to the level of vulval-fate induction in
C. elegans [30, 31]. Conversely, the ark-1(sy247) muta-
tion results in an apparently earlier induction (Table
S28). Therefore, in C. elegans as in C. briggsae, quantity
and duration of inductive signal production appear to
positively influence the induction level and the adoption
of 1 versus 2 fates.
The observed fate patterns correspond to final fate
patterns after ablation at intermediate times and not
necessarily to temporal intermediate cell states that
would occur during normal development. Indeed, in
C. elegans, animals bearing the hypomorphic lin-
3(e1417) allele that reduces LIN-3 expression [67],
P6.p, adopts a 1 (versus 2) lineage at higher frequen-
cies than in the anchor-cell-ablation experiment when
adopting a vulval fate ([68]; unpublished data). The differ-
ence between the ablation and the lin-3 mutation is the
temporal cessation of signal production (which may
also include other molecules such as Wnts) in the former
case. By using a LIN-3 expression time course, Wang
and Sternberg [69] showed that the Pn.p daughters can
still switch from a 2 to a 1 fate, whereas 3-fated daugh-
ters can no longer adopt a vulval fate. Late anchor-cell
signaling is required for the regulation of Cel-zmp-
1::GFP expression in different P6.p granddaughter subli-
neages [54]. Overall, these results suggest that P6.p can
adopt a 2 fate if it receives low levels of LIN-3 and that in
C. elegans, 1 fate specification is robust to some varia-
tions in concentration and timing of LIN-3 signaling.
The evolution between C. briggsae and C. elegans, C.
sp. 4, or C. japonica thus likely resides in the level of an-
chor signaling activity (integrated over time) required to
induce the 1 fate, and this is compatible with the longer
requirement for signaling (ablation experiments do not
eliminate signaling molecules that are already active at
ablation time) and is translated into a heterochronic shift
in P6.p induction timing. The molecular variation may
reside either in lower inductive signal production in
C. briggsae or lower sensitivity of the downstream signal
transduction or transcriptional components (in the Ras
or Wnt pathways). The low egl-17 (Ras reporter) trans-
gene expression in C. briggsae is consistent with a low
level of Ras pathway activity.
Cryptic Quantitative Evolution in the Vulval
Intercellular Signaling Network
In addition to inductive signaling from the anchor cell,
robust vulval-cell-fate patterning requires lateral Notch
pathway activation, which, with the Ras pathway, forms
an intercellular signaling network (Figure 5A), at least in
the Elegans species group. In C. briggsae, lateral inhibi-
tion through the Notch pathway appears less active. The
overall equal level of lip-1 (an effector of lateral inhibi-
tion) expression in P(5–7).p is consistent with low lateral
inhibition activity, although differences with C. elegans
may be caused by unrelated alterations in transgene
regulation. Interestingly, inhibition of adjacent 1 fates
may be less required for robust patterning in this spe-
cies because 1 fate induction takes longer and is less
likely to occur in two precursors. In addition, Notch
pathway activity, at least the branch leading from Ras
pathway activation to 2 fate induction, may have in-
creased in C. remanei.
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ing mechanisms may allow cryptic genetic change to
accumulate because the system’s output is insensitive
to a range of variation in molecular activities. In other
words, despite conservation in the final phenotype
(which is likely maintained by selection via egg laying
and mating efficiencies), the biological processes that
construct this final phenotype and mediate the relation-
ship between genotype and final phenotype are sensi-
tive to variation in genotype (and environment) [25].
Such cryptic variation of underlying mechanisms in
this robust intercellular signaling network may be one
of many examples where the large molecular divergence
between C. elegans and C. briggsae [70] does not result
in overt morphological change.
What drives this cryptic evolution in the vulva signal-
ing network? One possibility is that the system’s evolu-
tion is neutral in light of the fact that a range of variation
has no effect on the final vulva-fate-pattern phenotype—
even if it shows an effect at an earlier developmental
stage, for example, through a signaling-pathway re-
porter [25]. Exploration of the neutral space of interme-
diate cell-fate patterns as defined here may in this
case obey neutral evolutionary dynamics. Another pos-
sibility is that in natural populations, the system is faced
with genetic or ecological contexts that reveal ‘‘cryptic’’
variation in the form of deviations in the final vulva pat-
tern, which may be deleterious and impose a selective
pressure on the system. Finally, the system’s evolution
may be driven through pleiotropic gene action, for ex-
ample, if levels of activity of the Ras pathway were
driven to change through varying selection pressures
on one of its many other roles, such as olfaction or path-
ogen defense [71, 72].
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